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Introduction
Avascular necrosis, localized bone death, has been identified before in Mesozoic marine reptiles (Motani et al. 1999; Rothschild 1982; Martin 1987, 2006) . The condition arises from decompression syndrome (Caisson's disease, the "bends"), the supersaturation of blood and tissues, without sufficient surface time for equilibration, leading to nitrogen bubble formation and subsequent vascular occlusion. The limited collateral circulation of the proximal humerus, except in Caretta caretta, makes it a key location for avascular necrosis (Rothschild and Martin 1987) . Bone dies within the watershed of the original vascular supply when circulation is blocked, and this makes it susceptible to the compression forces of swimming and it collapses, with visible subsidence (Feldman et al. 1981; Michel et al. 1982; Ratcliffe 1985; Resnick 2002; Rothschild 1982; Rothschild and Martin 2006) . Avascular necrosis provides evidence of prolonged, repetitive dives (Andersen 1966; Kooyman et al. 1973; Pauley 1965; Strauss 1970; Strauss and Sampson 1986; Rothschild 1990) .
Avascular necrosis, indicating deep diving, has been identified so far in Jurassic and Cretaceous turtles (Rothschild 1987) . Here we present evidence of the pathology in the world's oldest turtle, Odontochelys semitestacea from the Late Triassic of southwest China. 
Material and methods
The materials comprise the proximal portions of humeri of Odontochelys semitestacea Li, Wu, Rieppel, Wang, and Zhao, 2008 from the Wayao Member of the Falang Formation, of Guanling, Guizhou Province, southwest China, dated to the early Carnian marine transgression, 220 million years ago (Li et al. 2008) . We investigated the humeri of paratype specimen IVPP V 13240. The specimen was examined firsthand and photographed in Beijing. The specimen was well prepared and the bone surface was not damaged during the preparation.
Results
Macroscopic examination revealed bilateral subsidence of the articular surfaces of both humeri (Figs. 1-3 ) Internal trabeculae were not exposed, allowing taphonomic processes to be excluded (Nielsen-Marsh and Hedges 2000; Rothschild and Martin 2006) . The irregular surface defect on the proximal humeral articular surface of IVPP V 13240 contrasts with the smooth continuous surface of healthy turtle humeral articular surfaces (Depecker et al. 2006; Raidal et al. 2006) and allows recognition of avascular necrosis.
The alterations are indistinguishable from previously documented humeral avascular necrosis in turtles (Rothschild 1987 (Rothschild , 1988 (Rothschild , 1991 Martin and Rothschild 1989) and other marine reptiles (Rothschild and Martin 2006) . Macroscopic appearance is sufficiently specific for confident diagnosis (Martin and Rothschild 1989; Rothschild 1987 Rothschild , 1988 Rothschild , 1991 Resnick 2002; Rothschild and Martin 2006) . As histological assessment of bone pathology is controversial, with diagnosis often predicated upon radiologic appearance (Hong et al. 2011 ) and with no evidence of diagnostic specificity for avascular necrosis (Feldman et al. 1981; Ratcliffe 1985; Resnick 2002; Rothschild and Martin 2006) , destructive analysis would not contribute useful information and was not pursued.
Discussion and conclusions
Avascular necrosis is never found in terrestrial turtles (Rothschild 1991), but afflicts 50% of turtles in the Cretaceous (Rothschild 1987 (Rothschild , 1988 . Decompression syndrome from sudden depth alteration is the most parsimonious explanation. The only other phenomena that could cause such fre- quent occurrence of avascular necrosis in any population are radiation and bismuth poisoning (Resnick 2002) , previously ruled out in mosasaur avascular necrosis by scintigraphy and electron probe analyses (Rothschild and Martin 1987) .
The differential diagnostic considerations for articular pathology include osteoarthritis, a rheumatoid arthritis-like inflammatory arthritis called spondyloarthropathy, gout, infection and failure of cartilage transformation into bone (osteochondrosis or cartilage rests) (Resnick 2002; Rothschild and Martin 2006) . The sharply defined focal articular surface defect defining the latter (Resnick 2002; Rothschild and Martin 2006 ) is easily distinguished from the irregular defect observed in IVPP V 04415.
Review of the literature (Rothschild et al. 2012a (Rothschild et al. , 2013 ) on bony alterations in turtles other than avascular necrosis revealed only one article in which shoulder pathology was reported. Raidal et al. (2006) reported proximal humeral articular surface erosion associated with reactive bone proliferation in a Recent Caretta caretta. While they diagnosed osteoarthritis, we suggested (Rothschild et al. 2012a ) that spondyloarthropathy was a more likely diagnosis. Osteoarthritis produces bone spurs (osteophytes, absent in the case reported by Raidal et al. [2006] and in IVPP V 04415) at articular surface peripheries (Resnick 2002; Rothschild and Martin 2006 ), but does not produce the surface irregularities seen in the Raidal et al. (2006) case, nor in IVPP V 13240. Spondyloarthropathy characteristically erodes articular surfaces and is associated with reactive new bone formation (Rothschild and Woods 1991; Rothschild and Martin 2006; Rothschild 2010) . Spondyloarthropathy has been well recognized in other reptiles (Rothschild 2010) , but the report by Raidal et al. (2006) appears to be the first evidence of that disease in turtles. However, IVPP V 04415 did not have evidence of such bone alteration. Defects at sites of tendon or ligament attachment may complicate spondyloarthropathy (Resnick 2002; Rothschild and Martin 2006 ), but do not affect the actual articular surface (Shaibani et al. 1993) .
Gout is another form of erosive arthritis, and it has been reported in the elbow or stifle of Trachemys scripta elegans (Marcus 1981; McArthur 1996 McArthur , 2004 ; López del Castillo 1998), Testudo graeca graeca (Appleby and Siller 1960; McArthur 2004) , Testudo denticulata (Appleby and Siller 1960) , Testudo hermanni (Appleby and Siller 1960) , Geochelone agassizii (Frye 1984; Homer et al. 1998) and Mauremys leprosa (Figureres 1997 ), but has a very different appearance (see below) and apparently has not been recognized in turtle shoulder joints. It produces well-defined peripheral and para-articular erosions with new bone formation producing characteristic overhanging edges ( Infectious or septic arthritis is well recognized in turtles, having been noted in Dermochelys coriacea (Ogden et al. 1981; Coquelet 1983; Brogard 1987) , Lepidochelys kempii (Harms et al. 2002; Greer et al. 2003; Jacobson 2007) , Geochelone agassizii (Frye 1984; Homer et al. 1998) , Geochelone elegans (McArthur 2004) and Acanthochelys macrocephala (Rhodin et al. 1990 ), but always limited in distribution to elbow, knee, and manus or pes. Jacobson (2007) suggested that these infections represent complications of injury. His perspective is supported by absence of infectious arthritis in the shoulder, which is protected from predators by the carapace and plastron.
This study suggests that the habit of repetitive diving in turtles was already established in the Late Triassic. The relatively small size of Triassic turtles, 1 m or less in Odontochelys, may be an important clue (Li et al. 2008) , distinguishing them from ichthyosaurs. Avascular necrosis was extremely rare in Triassic ichthyosaurs (Rothschild et al. 2012b ). Pursuit by a predator may have been a common cause of dangerously rapid depth changes by swimming turtles, as has been proposed for Protostega in the Cretaceous (Sternberg 1909: 115) . The deepest diving extant sea turtle, the leatherback (Dermochelys coriacea) relies largely on blood and muscle oxygen stores to sustain deep dives (Lutcavage and Lutz 1997) . The lack of large lung oxygen stores in this species limits the tendency for nitrogen to dissolve in blood during long dives and may reduce the risk of decompression sickness. In addition, behavioral mechanisms, such as gradual ascents, which are seen in both leatherback and other extant species of sea turtle (Fossette et al. 2010) , may limit the risk of decompression syndrome.
The frequency of avascular necrosis is indistinguishable across all sizes (surrogate for age) in a species. Additional damage does not continue to accrue in adults, so decompression syndrome appears to be a phenomenon of juveniles or adolescents both in living turtles and in mosasaurs (Rothschild and Martin 2006) . Juvenile sea turtles tend to be relatively shallow divers with, for example, post-hatchlings being positively buoyant and largely drifting at the ocean surface (Bjorndal et al. 2003; Scott et al. 2012 ). This positive buoyancy limits diving behavior and hence presumably also the risk of decompression sickness. In modern forms, juveniles and subadults presumably suffer decompression syndrome and avascular necrosis in unexpected situations, when they are forced by predators to dive deeper than normal. It is unclear at what stage of life (juvenile, adolescent or adult) the Triassic damage occurred.
The occurrence of avascular necrosis through the history of turtles shows that it was more frequent in the Mesozoic than today, suggesting that early forms had not yet evolved mechanisms to avoid the bends.
Turtles today show almost total resistance to avascular necrosis (Rothschild 1991) , probably having evolved behavioral and physiological means to avoid the problem. For example, extant turtles ascend gradually to the surface to minimize decompression sickness. Further, freshwater turtles have effective extrapulmonary gas exchange, seen in mud and musk (kinosternid), soft-shelled (trionychid) and emydid turtles (Smith and Nickon 1961; Ultsch and Jackson 1982; Ultsch 1985) . It is unclear when the buccal and cloacal respiratory mechanisms evolved (Heiss et al. 2010 ), but their presence would certainly afford the advantage of an additional gas (including nitrogen) exchange mechanism. The low nitrogen (N 2 ) content of water, 47.5% compared to 78% in air, augments diffusion from the blood and therefore the tissues, providing protection from decompression syndrome.
Odontochelys was likely a descendant of an older, land living turtle, and so its body shape and limbs had probably not become entirely modified for its new aquatic environment (Reisz and Head 2008) . The degree of keratinization of Odontochelys skin is unknown, but could also have been a factor that compromised trans-dermal respiration.
